Abstract--The conductivites of the Na and H ion-exchanged forms of kaolinitic clay rejects from sand-washing operations, both purified and as found naturally as a complex with soil organic matter, were examined. The two Na-clays showed linear conductivity-concentration characteristics, each having two regions with different slopes intersecting at -3.3% by weight of clay, which probably reflect a structural change from sol to gel. In the gel region, only the Na-counterions conducted, the reduction in conductivity with concentration being due to a smaller proportion of these ions in the Gouy layer and/or a decrease in their mobilities. In the sol, an additional, concentration-dependent conductivity arose from the electrophoretic motion of clusters of clay particles which gradually broke down on dilution. The two acid clays showed curved conductivity-concentration characteristics consistent with a weak acid dissociation equilibrium; the PKa values of 6.37 to 6.56 are close to those determined independently from titration with alkali. A stronger acid species detected in the titrations was not seen in the conductivity. The MOH~+/MOH/MO -model of the claysurface species and one set of the predicted concentrations of each species (see preceding paper) are consistent with the observed conductivities. The MOH2 + species probably bridged the edges and faces of clay particles so that the H atoms were identical, but became different when alkali was added.
INTRODUCTION
The preceding paper (Lockhart, 1981) presented data on the potentiometric and conductometric titration of the hydrogen and sodium forms of aqueous clay rejects from a sand-washing operation, with and without the organic matter complexed to the clay. Models for the acidic species which reacted with the alkali were suggested, and predictions were made for the concentrations of each species from the end points of the titrations. The results of the present study of the conductivity and electrophoretic mobility are ideal for testing these models and predictions.
EXPERIMENTAL

Samples
The untreated and NaCi-, HCI/H202-, and NaCI/ H~Oz-treated samples from batch A of the clay rejects described in Lockhart (1981) were examined. The peroxide treatment removed the organic matter, whereas the salt or acid treatment provided Na § or H § exhangeable cations. The untreated sample from batch B was also studied. Details of the preparations are given in the preceding paper (Lockhart, 1981) .
Methods.
The dielectric cell and a.c. bridge used to measure the conductivity are described elsewhere (Lockhart and Snaith, 1978) . The samples were prepared by successive dilution with conductivity water in the cell itself, stirring at intervals until the conductivity became nearly constant. The more concentrated samples reCopyright 9 1981, The Clay Minerals Society quired several hours to come to equilibrium. Also, for the untreated and HCI/H202 samples in dilute dispersion, it was necessary to stir every few minutes during the measurements to prevent settling. The resistance of the cell filled with each clay dispersion was measured at 100 Hz (where it is nearly equivalent to the dc conductivity) as a function of electrode separation (d) over the concentration range 0.05 to 75 g solids/100 ml dispersion. A correction for the electrode polarization resistance (Lockhart, 1979) was made where appropriate. The corrected resistance R was converted to specific conductivity K = d/AR, where A is the area of the sample in the central electrode region of the cell, and thence to 'equivalent' conductance A = 1000 K/c (I1-1 cm 2 per unit-cell formula weight of the clay).
The (electrophoretic) mobility of the clay particles was measured independently using a glass microscope slide to which two parallel strips of gold foil were attached 2 mm apart to serve as electrodes. The motion of the particles in dilute dispersion was observed at 50 to 90 • magnification, and the average time over a fixed distance was found for several particles in each sample using two different electric field strengths. The microscope was focused at the electroosmotic stationary level.
RESULTS AND ANALYSIS
Electrophoretic mobility
The particles were always repelled from the cathode and were attracted to the anode if the voltage was not so high as to cause charge injection. Thus the clay particles in all samples possessed a net negative surface charge. The calculated mobilities are (in 10 -4 cm2/v sec) 3.0 +-0.4 for the NaCI sample, 2.5 _+ 0.4 for the NaCI/ H202 sample, 1.1 -+ 0.3 for the untreated sample, and 0.9 4-0.3 for the HCl/HzO2 sample. The error represents one standard deviation over about ten readings in each case; it is partly due to the difficulty of measuring exactly at the stationary level. The similarity of the latter two values tends to confirm that the 'untreated' sample is naturally acid treated.
Clays and Clay Minerals
Conductivity
The conductivity results are summarized in Figures  1 and 2 as plots of A vs. the square root of concentration. Literature data (Maclnnes and Shedlovsky, 1932) for the common weak acid, acetic acid, are also shown in Figure 2 for comparison. The curved plots for the untreated samples from each batch resemble that for the acetic acid, indicating that the conductivity in these samples is controlled largely by a dissociation equilibrium. The organic-free sample in acid form also has a curved A vs. V~ plot. The dissociation constant K~ for a weak acid is approximately a2X, where a is the degree of dissociation ('~ 1) and X the molar concentration of the acid (strictly, the molar activity). According to the theory of weak electrolytes (Robinson and Stokes, 1970) a is given by A/A0, where A0 is the equivalent conductance at infinite dilution; also X is equal to the clay concentration (c) for the HC1/H202 sample and about 6% of c for the two untreated samples, because the weight loss of 6-6.2% (see Lockhart, 1981 ) is probably synonymous with the organic acid content. Thus, Ka is proportional to A2c and hence to A X/'~, so that for weak-acid behavior, the product AV'c should be a constant. In Table 1 , A values taken from Figures 1 and 2 at convenient intervals of ~ are listed along with the products AX/-c. The acetic acid data do not extend beyond ~ -0.4, but the product AV~ should continue to decrease as ~ rises because neglect of the activity coefficient in Ka = ~2X become serious at higher concentrations (Robinson and Stokes, 1970) . This variation in AX/'E is also exected for the clays. In comparing the acetic acid data and the clay data, it is also worth noting that the conductivity of the clay particles themselves is concentration dependent because of the gradual association into edge-to-face and edge-to-edge clusters whereby the particles are eventually immobilized in a network structure. In these circumstances the approximate constancy of the AX/-c products for each of the three clays is strong evidence for the weak acid picture.
The actual value of Ka may now be calculated from the averages of the AX/-c products over the range ~ = 0.15 to 0.8, knowing that A0 is the sum of the H + ion The two Na-clay samples with and without the organic material present have linear A vs. V~ plots, each comprising two regions with different slopes. Linear behavior is typical of strong electrolyte systems, with the value of A at V'-c = 0 (i.e., A0) representing the sum of the equivalent conductivities of the contributing ions, while the concentration dependence of A reflects increasing ionic interactions that can be described in terms of activity coefficients (Robinson and Stokes, 1970) . It is reasonable to suppose the linear components in Figure 1 represent the sol and gel regions of the clays, with the point of intersection being the minimum concentration of particles required to set up a continuous network structure. The decline in conductivity with concentration in the gel region, where only the Na counterions are mobile, must reflect a gradual reduction in this mobility and/or a steady decrease in the proportion of Na ions in the diffuse Gouy part of the double layer. In the sol region there is an additional contribution from the clay particles themselves, which must also be concentration dependent due to variation in the number and size (and hence the mobility) of edge-toface and edge-to-edge associated clusters of particles. It is interesting that the gel region of the NaCI sample extrapolates to A = 0 at a V~ value equivalent to 100% clay solids. Another empirical observation is that the conductivity difference between the NaC1 and NaCI/ H202 samples is constant at 1.1 12 -1 cmZ/unit cell up to = 0.4, which is about 7.8% by weight of clay. This difference could represent the contribution from the extra cation-exchange capacity associated with the organic matter.
MODEL TESTING
In the accompanying paper dealing with conductometric and potentiometric titrations, models for the surface chemical species behaving as stronger and weaker acids in the various clay samples were proposed, and predictions were made of the concentrations of each species from the end points of the titrations. The present conductivity results provide independent tests of these models and predictions. The pK a values of 6.37-6.56 from the curved A vs.
plots are remarkably close to the 6.48-6.85 range obtained quite independently for the weaker acid reaction in the titrations. There is no evidence from the conductivity results for the stronger acid species (pKa 4-5) revealed in the titrations. The two species must have been basically the same, but became distinguishable when alkali was added to the clays. The model MOH2+/MOH/MO -(where M = AI and/or Fe) proposed in the accompanying paper allows 'bound' MOH2 + to behave similarly to MOH groups, whereas 'free' MOH2 § (exchanged with Na § from the alkali) can release a 'stronger acid' proton to react with the alkali. More specifically, two clay particles could associate via MOH2 § bridges as, for example, A more quantitative assessment requires that the predicted concentrations of each species in Table 2 of Lockhart (1981) be consistent with the conductivities in Figure 1 of the present paper. It is understood that the values in meq/100 g clay listed in Table 2 of the preceding paper for the NaC1/H202 and HCI/H202 samples also apply to the NaC1 and untreated samples, with (for batch A) an additional 7.95 meq/100 g of MONa + weaker acid sites in the NaCI sample and an extra 2.35 meq/100 g of clay-MOH2 + stronger acid sites in the untreated sample. The overall charge on the clay particles is the algebraic sum of the + and -sites in each case. The predicted net charge is strongly positive (14.0 and 11.65 meq/100 g) for the HC1/H202 and untreated samples when the one-step weaker acid situation is considered. The negative electrophoretic mobilities actually observed in the present study clearly eliminate this alternative. Even for the two-step weaker acid reaction, the predicted net charge is positive for MOH2+C1 -> 1.65 meq, so that detailed comparisons which follow are restricted to the range 1.65 ~ 0 meq/ t00 g. Table 2 summarizes the concentrations in meq/100 g clay of the species concerned for the four samples of batch A. The ion conductivites h0 at infinite dilution for the present temperature of 21.5~ are (Robinson and Stokes, 1970 ) H + = 332.4; Na + = 46.4; CI-= 71.2; clay = 28.9, 24.1, 10.6, and 8.7 for NaCI, NaCI/HzO2, untreated, and HC1/H202 samples respectively, as obtained from the electrophoretic mobilities. The units of h0 are f~-~ cm2/eq. Since the unit-cell formula weight of kaolinite is 516, the concentrations are first multiplied by 5.16 to obtain meq/unit cell of clay, and then by the appropriate ko values to get ~ ~ cm2/unit cell. This allows direct comparison with the experimental A values in these units in Figures 1 and 2 . The total predicted Ao is the sum of the CI-, Na + or H +, and clay-values for the sol, with the clay contribution being excluded from the gel totals. For the HCI/H~O2 and untreated samples the predicted values are close to the observed A values for the most dilute dispersions that were measured (the experimental A0 itself is not available from the curved plots). In addition, the contribution of the clay to the total conductivity is predicted to be small, which explains why the weak acid type of dissociation equilibrium is adequate to explain the near constancy of the AX/-~ products in Table 1 . The predicted A0 for the untreated sample from batch B (not shown in Table 2 ) is 13.0 fl -~ cm2/unit cell, which also compares well with the observed values at the lowest concentrations in Figure 2 .
The predicted contribution of the clay to the conductivity of the NaCI and NaC1/H202 samples is, on the other hand, quite significant, and is also in accord with the observed results. The concentration dependence of the conductivity should indeed have quite different origins than in the two acid clays. The predicted A0 values for the NaCI clay are nearly twice those for the NaC1/H20~ clay, approximately reflecting the relative values actually observed. The ratio of 2-3 between the predicted and observed values for both the sol and gel regions of the two samples is also reasonable. This follows from the theoretical (Van Olphen, t977) and experimental (Lockhart, 1980) observations that between two-fifths and two-thirds of the Na counterions are located in the Gouy layer and are able to contribute to the conductivity, whereas the remaining counterions bound in the Stern layer contribute only to the permitivity. Therefore, the model and one set of predictions based on the end points of potentiometric and conductometric titrations are also quantitatively in agreement with the conductivity results for the organic-complexed and organic-free clays, in both the acid form and the sodium form.
